Elephant limbs display unique morphological features which are related mainly to supporting the enormous body weight of the animal. In elephants, the knee joint plays important roles in weight bearing and locomotion, but anatomical data are sparse and lacking in functional analyses. In addition, the knee joint is affected frequently by arthrosis. Here we examined structures of the knee joint by means of standard anatomical techniques in eight African ( Loxodonta africana ) and three Asian elephants ( Elephas maximus ). Furthermore, we performed radiography in five African and two Asian elephants and magnetic resonance imaging (MRI) in one African elephant. Macerated bones of 11 individuals (four African, seven Asian elephants) were measured with a pair of callipers to give standardized measurements of the articular parts. In one Asian and three African elephants, kinematic and functional analyses were carried out using a digitizer and according to the helical axis concept. Some peculiarities of healthy and arthrotic knee joints of elephants were compared with human knees. In contrast to those of other quadruped mammals, the knee joint of elephants displays an extended resting position. The femorotibial joint of elephants shows a high grade of congruency and the menisci are extremely narrow and thin. The four-bar mechanism of the cruciate ligaments exists also in the elephant. The main motion of the knee joint is extension-flexion with a range of motion of 142 ° .
Introduction
The knee joint of elephants, the largest land animal, plays a decisive role in transmitting thrust to the trunk (Schwerda, 2003) . Although data on elephant osteology (Eales, 1929; Mariappa, 1955; Smuts & Bezuidenhout, 1994) , myology (Weissengruber & Forstenpointner, 2004) as well as on limb posture and movements (Hutchinson et al. 2003; Schwerda, 2003) are available, anatomical and functional knowledge of hard and soft tissues forming the knee joint is sparse.
In standing elephants, the angle between femur and tibia, which is close to 180 ° , differs to the half-bent posture in most mammals. A similar 'extended' knee posture occurs only in the bipedal humans. In addition, the kinematic patterns of the graviportal hindlimb in elephants are more similar to those in humans than to those in cursorial quadrupeds (Schwerda, 2003) . In a previous study (Sonnenschein, 1951) , it was presumed that this posture of the knee corresponds to plantigrady (or even semiplantigrady in elephants). Unlike those in in most other mammals (including humans), the articular surfaces of both tibial condyles are clearly concave in elephants (Smuts & Bezuidenhout, 1994) . Beside other peculiarities in proboscidean limb design (e.g. prolongation of the femur instead of metatarsals or the occurrence of a sole cushion), the remarkable structure of the elephant knee joint seems to stand in close relationship with particular weight-bearing and locomotion patterns (Schwerda, 2003) .
In elephants of greater age, the knee joint is affected frequently by osteoarthritis, degenerative joint disease or arthrosis (Ruthe, 1961; Salzert, 1972; Hittmair & Vielgrader, 2000; Forstenpointner et al. 2001; Hittmair et al. 2001 ). Owing to the sparse anatomical knowledge regarding this joint, a clear diagnosis of knee joint disorders in living elephants is not currently feasible (Hittmair & Vielgrader, 2000; Hittmair et al. 2001 ).
The aims of this study were to give a detailed anatomical overview of all structures forming the elephant knee joint, to analyse the morphology and function of the cruciate ligaments, to assess the kinematics of the knee by means of the helical axis concept, to determine how gonarthrosis affects the cruciate ligaments in elephants, and to compare the morphological and biomechanical properties of the elephant knee joint with the human knee.
Materials and methods

Specimens and preparation
The structures of the knee joint were examined in ten Asian elephants ( Elephas maximus ) and 12 African elephants ( Loxodonta africana ) either in fresh specimens, after formalin fixation or in macerated skeletons. The ages of the examined animals range from less than 1 year to more than 40 years, but in some cases, because of the origin of the specimens, data on age remained unclear or inaccurate. Therefore, we designated individuals with fused epiphyses as 'adults' and those with partly fused epiphyses as 'subadults'. For the present study, During the dissections of arthrotic Elephas (one individual, one specimen) and Loxodonta (two individuals, four specimens) knee joints it was noticed that the anterior cruciate ligament (ACL) was missing. The knee structures and shapes of arthrotic knees were compared with non-arthrotic specimens used for the morphological and kinematic studies in order to understand the reason for the missing ACL. MR images of the left stifle joint specimen in one African elephant was acquired with a 0.23-T unit (Picker/Marconi) and surface body coil.
Slices were generated with proton-density-weighted sequences (TR, 1600 ms; TE, 22 ms; 8-mm slice thickness) (Fig. 6g , dorsal oblique plane), T1-weighted spin-echo pulse sequences (TR, 380 ms; TE 18 ms; 5-mm slice thickness), and T2-weighted sequences (TR, 1600 ms, TE 100 ms; 8-mm slice thickness).
Kinematic analysis
The kinematic analysis was carried out according to the helical axis concept (Fuss, 1993a (Fuss, , 1994 (Fuss, , 2001 (Fuss, , 2002 Fuss et al. 1997) . In spatial kinematics, a rigid body rotates about and translates along an instantaneous helical axis. During motion, the helical axis moves along a regular surface, the so-called helical axis surface. The helical axes were generated for the mobile tibia with respect to the fixed femur and vice versa in four knee joints, one of Elephas maximus (fresh) and three of Loxodonta africana (embalmed). The unloaded knee joint was moved manually through extension and flexion. The function of the cruciate ligaments was analysed according to the method described in previous publications (Fuss, 1989 (Fuss, , 1991a (Fuss, ,b, 1993b Lake City, UT, USA). This was performed in ten positions, whereby three points on both femur and tibia served as reference points for defining the positions.
After the kinematic analysis, the knees were dissected and the fibre arrangement of the cruciate ligaments was determined, i.e. which points in the femoral and tibial footprints (attachment areas) of the cruciate ligaments are connected by fibres. After dissection, the three reference points on both femur and tibia were 
Results
Morphology
Measurements of the articular surfaces and the Fossa intercondylaris are given in Table 1 . Although insignificant differences between the species in the external morphology of the femur and the tibia were noticed (but not studied in detail here), soft tissues and articular surfaces revealed great similarity.
The knee joint consists of the Articulatio (Art. (Fig. 2) . Especially the caudal part of the lateral meniscus resembles rather a fold of the joint capsule or a thin disc than a typical meniscus. Caudolaterally, the lateral meniscus forms a shallow groove for the M. popliteus (Fig. 1 ).
Both menisci are attached cranially to the tibia (Fig. 2) .
The tibial attachment of the medial meniscus lies close to that of the cranial cruciate ligament (ACL). A Lig.
meniscofemorale connecting the caudal part of the lateral meniscus with the inner surface of the medial femoral condyle is present (Fig. 1) . The Lig. meniscofemorale fuses partly with the caudal cruciate ligament (PCL) and the joint capsule and resembles a ligamentous prolongation of the lateral meniscus towards the medial femoral condyle. Caudomedially, the medial meniscus merges with the joint capsule. 
Pathological anatomy of arthrotic joints
Osteophytes or osteochondrophytes can appear in several positions such as at the borders of the articular surfaces (Fig. 5) . The distal aspect of the femur shows a notch, which serves the purpose of receiving the cranial ridge of the tibial intercondylar eminence in extension (arrows in Fig. 6 ). This notch is continuous with the caudal intercondylar fossa. The cranial part of the intercondylar fossa near the transition region to the notch (arrowheads in Figs 5 and 6) can be narrow even in healthy joints but allows the passage of the ACL. In arthrotic elephant knees, the articular surfaces of the medial and lateral femoral condyles expand towards each other, therefore narrowing the intercondylar fossa continuously (see Table 1 , individual La 1). This process compresses the ACL, which finally becomes worn out, once the passage is completely used up and closed. Additional osteophytic activity in the notch can injure the ACL.
In healthy joints the proximal edge of the intercondylar eminence is proximally flattened but it is sharp in arthrotic joints ( Fig. 6e,g ; below the arrowheads).
Additionally, in healthy joints the intercondylar eminence is more flattened in younger or juvenile individuals than in older animals.
Kinematic analysis
The helical axes surfaces are shown in Fig. 7 from different aspects. Between mid-and maximal flexion, the extension-flexion axis is almost horizontal, which indicates that the motion is a pure extension-flexion without (Fig. 8) .
Functional analysis of the cruciate ligaments
The fibre arrangement of the cruciate ligaments is shown in Fig. 9 . The cruciate ligament fibres are slightly twisted about the ligament axis. Each cruciate ligament contains a guiding or isometric fibre bundle (Fig. 9) , as well as flexion-and extension-constraining fibres and fibres taut in intermediate positions (Fig. 9) . The isometric fibres constitute the side links of a four-bar linkage (Fig. 10) , whereby femur and tibia serve as mutual coupler and ground link.
Discussion
Although the locomotory system of humans and elephant are different, heavy and semi-plantigrade elephants have more column-like limbs compared with even-toed (including hippopotamuses) and odd-toed animals (including rhinoceroses), as the latter show a higher degree of flexion in the knee joint. Therefore, elephants and plantigrade humans are more comparable owing to the extended knee and evident similarities in muscular architecture (Weissengruber & Forstenpointner, 2004) as well as locomotion patterns (Schwerda, 2003) . 
Kinematics
The kinematics of the elephant knee joint matches the human knee ( Fig. 11a ; Fuss, 1993a Fuss, , 2001 Fuss, , 2002 Fuss et al. 1997) . Any deviation of the helical axis from the horizontal flexion-extension axis indicates a compulsory rotation. This is true for the helical axis in extension, which runs from proximal-medial to distal-lateral, and represents the screw-home motion. The only difference between the elephant and human knee is that the human screw-home motion is smaller, i.e. 10 ° instead of 16 ° during flexion from 60 ° until maximal extension (Fuss, 2001 (Fuss, , 2002 . The cause of the screw-home motion is the oblique path of the PCL isometric bundle, which is attached to the inner side of the medial femoral condyle (Fuss, 1992) . In higher mammals, the most anterior (cranial) PCL fibres (Fig. 11b , line x-x) usually originate from the roof of the intercondylar fossa, and hence are purely aligned in the sagittal plane. These fibres, however, are missing in the elephant knee. Thus, all PCL fibres are oblique, which explains the greater extent of screw-home rotation.
Elephants mainly move at slow speeds but they can walk long distances and attain speeds greater than 6.0 m s − 1 (Hutchinson et al. 2003; Schwerda, 2003) . In slow-moving elephants, abduction of the femur and adduction of the tibia play a distinct role, whereas at the top-speed gait, which is not a clear 'run' following kinematic definitions, the main knee movement is flexion (Hutchinson et al. 2003; Schwerda, 2003) . Following the study by Schwerda (2003) elephants seem to be rather 'sprinters' than other cursorial mammals, which are commonly but unlike elephants characterized by a narrow trunk, a long neck and elongated distal limb parts (Preuschoft et al. 1994) . 
Morphology
Bone measurements such as the breadth of femur and tibia (see Table 1 ) reveal a high degree of interindividual variation, which is related to body size (Christiansen, 2004 ) and probably to the age of the animal.
The fibre arrangement and twisting of the elephant cruciates is comparable with that of human cruciate ligaments. Equally, the four-bar mechanism, well known in the human knee (Strasser, 1917; Barnett et al. 1961; Kapandji, 1967; Huson, 1974; Menschik, 1974; Fuss, 1989 Fuss, , 1991a O'Connor et al. 1989) Besides the position of the femoral PCL footprint, particular features of the elephant knee joint are the very small menisci, the markedly concave articular surfaces of the tibia and, subsequently, the high degree of congruency of the femoral and tibial articular surfaces.
In mammals, only certain bats (Parsons, 1900; Nauck, 1938; Sonnenschein, 1951; Fuss, 1993b) lack menisci.
These animals do not use their hindlimbs primarily as locomotor organs, whereas the hindlimbs of elephants are important for supporting body weight and for locomotion (Schwerda, 2003) . In humans (Boyd & Myers, 2003) and other mammals (e.g. Reinsfeld, 1932) (Reinsfeld, 1932; Boyd & Myers, 2003) . Herzmark (1938) assumed that the menisci are well developed in the human knee, because it bears weight in the fully extended position. In our opinion, Considering the sparse and often incomplete palaeontological data (e.g. Court, 1994 Court, , 1995 , it is not clear whether the early members of the African order Proboscidea, whose origin dates back at least to the Early Eocene (Gheerbrant et al. 2002) , had a similar knee joint. Nevertheless, previous studies have revealed that the limb anatomy of virtually all proboscideans except
Moeritherium and Numidotherium appears very similar (Christiansen, 2004) and that the gait in Numidotherium contrasts markedly with that of elephantiform proboscideans (Court, 1994) . Thus, the peculiarities of extant elephants might have been adopted later and /or in sister groups of the mentioned taxa. Although not examined in detail, it is evident from the literature (e.g. Aouadi, 2001; Fladerer, 2001; Koenigswald, 2002) that the morphology of the femur and tibia of the Mammuthus group is very similar to that of extant elephant species and therefore a similar structure of the soft tissues can be assumed. Given that some early proboscideans such as Moeritherium and the extinct Desmostylidae were semi-aquatic and hippo-like (Domning et al. 1986; Beatty, 2004) , that the Proboscidea and the aquatic Sirenia share a common ancestry (Court, 1995; Murata et al. 2003 ) and that extant elephants may have had aquatic ancestors (Gaeth et al. 1999; West, 2002) , specific peculiarities of knee joint morphology in present-day terrestrial elephants might be traced to structural adaptations to a (semi)aquatic environment.
Pathological alterations
Gonarthrosis can result in loss of the ACL. This is due to the development of osteophytes or osteochondrophytes and/or the narrowing of the ACL outlet at the craniodistal end of the intercondylar fossa. There is a striking (Fig. 12) , which protrudes backwards (posteriorly).
At the tip of the ridge, the ACL is subjected to wear, resulting into loss of the anterior part, which contains the isometric bundle (Fig. 11e) . Once the osteophytic ridge has developed, the ACL consists only of the posterior fibres. In these cases, an artificial knee joint replacement justifies sacrificing of the ACL, as the isometric bundle not longer exists. In both the elephant and the human knee osteophytic activity and hence the restricted space in the intercondylar fossa is responsible for injury and the gradual reduction of the ACL. In the arthrotic human knee the ACL is attacked mainly from the anterior, whereas in the elephant knee the attack is from medial and lateral.
Conclusions
It is likely that in elephants and mammoths the distinct structure of the knee joint is closely related to the enormous weight of the animal, the 'extended' posture of the knee, the animals' graviportal stance (see Court, 1994 ) and the peculiarities of locomotion especially at higher speed. The present study gives the first description of the distinct morphological features of the elephant knee joint together with biomechanical analyses and pathological-anatomical discussion, but further work particularly on the structure and mechanical properties of the articular cartilage is necessary.
